Introduction {#S1}
============

The immune system can rapidly destroy a large transplanted organ but directing this latent force to eradicate cancer tissue has been very difficult. Cancer immunotherapy began with bacterial vaccinations and now includes passive transfer of antibody or immune cells and tumor vaccination using a variety of strategies.^[@R1]-[@R5]^ Despite some successes, a reliable, safe, easy-to-use, reasonably priced, general immunological technique to treat or prevent solid tumor metastases is not available. We are developing a tumor-targeted replicating recombinant VSV to be used both directly for immune-mediated tumor therapy and prophylactically to induce anti-tumor immunity. Prophylactic use would entail administering the virus to the primary tumor at the initial clinical presentation in order to prevent the later development of tumor metastases. The foundation for this strategy is established in part by the data in this paper which shows that treatment with rrVSV generates highly potent anti-tumor memory CD4 T-cells.

VSV is an excellent candidate for development for cancer therapy because it is a safe oncolytic virus that can be genetically engineered.^[@R6]^ Normal tissues are protected from the virus by interferon (IFN) production but most human tumors are insensitive to the effects of IFN and are more susceptible to killing by VSV.^[@R7],\ [@R8]^ Viral oncolysis releases multiple tumor antigens in the context of an anti-viral inflammatory response. This inflammatory response stimulates an immune response instead of tolerance to the tumor antigens. The VSV genome can be altered to attenuate the virus or to have it express immune modifiers. Therapeutic effects in animal models have been observed using wild type VSV (wt VSV), VSV modified with cytokines and VSV in combination with chemotherapy.^[@R9]-[@R12]^ A theoretical safety concern is whether the virus will be tolerated by cancer patients who are immunologically compromised. Several approaches to address this issue are being developed such as creating an rVSV expressing IFNβ,^[@R8]^ creating a VSV M-protein mutant that induced 20 to 50 times more IFNα than wt VSV or administering IFN systemically during VSV infection.^[@R7]^ We improved the safety profile by creating a recombinant replicating VSV (rrVSV) with an altered surface glycoprotein (gp) that targeted preferentially to breast cancer cells highly expressing the Her2/neu receptor, erbb2. The viral genome was also modified by the inclusion of genes expressing mouse GM-CSF and green fluorescent protein.^[@R13]^ We showed that this rrVSV selectively infected, replicated and killed cells expressing erbb2.^[@R13],\ [@R14]^ We then showed that therapy with rrVSV expressing GM-CSF combined with anti-CTLA4 monoclonal antibody (MAb) could eliminate established macroscopic tumor implants. Successful therapy required both CD4 and CD8 T-cell responses in the treated animals. Surviving animals were resistant to tumor re-challenge suggesting a memory immune response.

We now sought to further characterize this anti-tumor memory immune response. We found that CD4 T-cells were responsible for the immune memory response, were highly potent and could support a strategy of dealing with the problem of cancer metastases by immunoprevention. Anti-tumor memory T-cells were obtained from donor animals whose established tumors were cured by therapy with rrVSV and anti-CTLA4 MAb. Cytokine production by these cells was studied using the Milliplex cytokine kit as well as EliSpot and intracellular IFN cytometry. Therapeutic efficacy was studied by transfer to host animals with implanted peritoneal tumors. We found that the memory CD4 T-cells were powerful and able to cure established tumors in host animals 40-50% of the time. T-cells were transferred directly from donor to host mice. No *ex vivo* stimulation was required. As expected, we found that rrVSV treatment generated memory T-cells to multiple tumor antigens. Unexpectedly, CD4 T-cells alone mediated the memory anti-tumor effect. Transferring CD8 T-cells, B-cells or antibody from cured animals in addition to CD4 T-cells did not improve outcome. Also unexpectedly, the memory anti-tumor CD4 T-cells were not apparently restricted to Th1, Th2 or Th17 type but appeared multifunctional expressing a diverse array of cytokines including IFNγ, IL-4 and IL-17. Cytokine secretion of specific anti-tumor memory T-cells was most effectively studied by *in vivo* tumor challenge and analysis of lymph node T-cells.

Materials and Methods {#S2}
=====================

Cells, antibodies, chemicals and animals {#S3}
----------------------------------------

D2F2/E2 cells, a mouse mammary tumor line that has been stably transfected with a vector expressing the human Her2/neu gene and its parent cell line, D2F2 were a generous gift from Dr. Wei-Zen Wei, Karmanos Cancer Institute, Wayne State University, Detroit, MI. Anti-CTLA4 (9H10) ^[@R15]^ ascites was prepared from a hybridoma generously supplied by Dr. James P. Allison, Memorial Sloan Kettering Cancer Center, New York, NY or obtained commercially (BioXcell Fermentation/Purification Services \#BE0131, West Lebanon, NH). Cytoxan (Cyclophosphamide, \#NDC 0015-0502-42, Bristol-Myers Squibb Co., Princeton, NJ) was freshly diluted in sterile water to a stock concentration of 20 mg/ml. Stock solution of 125 μl was freshly diluted in 375 μl of PBS and administered IP. All animal studies were conducted using female BALB/c mice, 8 to 20 weeks of age, weighing 20-25g, obtained from Taconic (Hudson, NY). These animal studies were approved by the institutional Animal Research and Care Committee.

rrVSV {#S4}
-----

rrVSV targeted to cells expressing Her2/neu was created from vector components as previously described.^[@R13]^ In brief, vectors expressing the VSV genome (XN2) and the individual VSV genes P, L, N and G (pBS-P, L, N and G respectively) on a T7 promoter were a very generous gift of Dr. John K. Rose, Yale University School of Medicine. Vectors expressing Sindbis glycoprotein (gp) and Sindbis gp modified between amino acids 71 and 74 to express two IgG binding domains (Sindbis-ZZ) were generously supplied by Dr. Irvin S. Y. Chen, University of California, Los Angeles Medical School. A vector expressing a single chain antibody (SCA) based on the 4D5 anti-erbb2 antibody was a generous gift by Genentech Inc. As previously described, we used PCR to create a chimeric Sindbis gp which consisted of the first 71 amino acids of the Sindbis E2 gp followed in order by a poly-glycine linker, SCA to erbb2, CH1 linker, the remainder of the E2 gp and the entire E1 Sindbis gp. ^[@R16]^ The gene for the native VSV-G gp was removed from the VSV genome (XN2) and replaced with a gene coding for the chimeric Sindbis gp. In addition, genes coding for enhanced green fluorescent protein (EGFP) and mouse GM-CSF were added to the VSV genome producing a genome of 14,838 bases. Replicating recombinant VSV was created using standard techniques^[@R13],\ [@R17]^ that expressed only the chimeric Sindbis gp on its surface and also expressed EGFP and GM-CSF. This rrVSV was then adapted to grow well on D2F2/E2 cells by serial passage *in vitro* on this cell line.^[@R18]^ rrVSV for animal trials was made by infecting D2F2/E2 cells at a multiplicity of infection (MOI) =0.001 in 168 cm^2^ tissue culture flask (Corning/CoStar, Corning, NY) and harvesting supernatant 48h later. Titers of rrVSV in the supernatant were typically 1-3 × 10^8^/ml on D2F2/E2 cells assayed by counting green cells as previously described.^[@R13]^

Cell collection {#S5}
---------------

Animals were sacrificed prior to cell harvesting. Spleens were harvested, minced and ground through a 70 μM nylon cell strainer (\#352350, BD Falcon, Franklin Lakes, NJ). RBC were lysed by incubating the cell suspension in 0.16M tris-buffered NH~4~CL for 5 minutes. Bone marrow cells were aspirated from both femurs and tibias, passed through the cell strainer and underwent RBC lysis. Mesenteric lymph node cells were collected by careful dissection of the lymph nodes in the peritoneum and grounding through the cell strainer. RBC lysis was performed when necessary. Peritoneal washings were performed by injecting 10 ml of sterile PBS into the peritoneum through a 16 gauge needle which was left in place. Five minutes later all the fluid that could be aspirated easily into the syringe was collected. Usually 9.0 ml was collected. Mononuclear cells were collected, when necessary, by centrifugation over lymphocyte separation media (\#25-072-CV, Mediatech, Inc., Manassas, VA). All cells were washed twice with PBS and re-suspended in PBS.

T and B cell isolation {#S6}
----------------------

Total T-cells, B-cells, CD4 T-cells and CD8 T-cells were isolated by positive selection using the autoMACS™ separator and the appropriate antibody microbeads according to the manufacturer\'s instructions (Miltenyi Biotec, Auburn, CA): CD90 (Thy1.2, \#130-049-101), CD19 (\#130-052-201), CD4 (L3T4, \#130-049-201), CD8a (Ly-2, \#130-049-401).

Flow cytometric intracellular cytokine analysis {#S7}
-----------------------------------------------

Intracellular staining for mouse IFNγ was performed using the Cytofix/Cytoperm Plus Kit with GolgiPlug (\#555028, Becton Dickinson, Mountainview, CA) as recommended by the manufacturer. 5 × 10^6^ spleen cells per well were plated in 1 ml of DMEM containing 10% FCS in Linbro 24 well tissue culture plates (\#76-033-05, ICN Biomedicals, Aurora, Ohio) and incubated overnight at 37°C with 5% CO~2~. Following incubation with brefeldin A (final concentration at 10 μg/ml) for 4 hrs, T-cells were isolated by positive selection as above. 1 × 10^6^ T-cells were suspended in ice-cold PBS/0.1% BSA/0.2% Azide and stained with phycoerythrin (PE)-conjugated antibodies to either CD4 or CD8 or isotype control antibody (BD \#12-0042-82, 12-0081-82 and 12-4321-82). The cells were fixed and permeabilized by incubation with 250 ul cytofix/cytoperm solution for 20 min on ice and stained with APC-conjugated antibody to mouse IFNγ or isotype control antibody(BD \#12-7311-81 and 17-4714-71). Immunofluorescence was quantified using a FACStarPlus cytometer (Becton Dickinson, Mountainview, CA).

EliSpot {#S8}
-------

Elispot analyses for IFNγ producing T-cells were performed using the mouse IFN-γ ELISpot PLUS kit with white precoated plates, HRP (\#3321-4HPW-4, MABTECH). Following *in vivo* challenge, 2 × 10^5^ T-cells from spleen, lymph nodes and peritoneal fluid were incubated in 0.1 ml media in separate wells without further stimulation for 48 hours at 37°C in a 5% CO~2~ incubator. Exposure of the spots was performed according to manufacturer\'s recommendations and the spots were visualized and quantified with an Elispot microscope reader (Carl Zeiss MicroImaging Inc., Thronwood, NY).

Cytokine and Chemokine analyses {#S9}
-------------------------------

Cytokine secretion was quantified using the Milliplex map mouse cytokine/chemokine kit (Millipore Co., Billerica, MA) which simultaneously measured the following cytokines: G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IP-10, KC, MCP-1, MIG, MIP-1α, RANTES, TNF-α. CD4 and CD8 T-cells were fractionated as above and 1 × 10^6^ cells suspended in 200 μl DMEM with 10% FCS were plated at 37°C in a 5% CO~2~ incubator in individual wells of a 96 well round bottom tray for 24 hours(Corning Inc., Corning, NY). A Luminex xMAP reader (Bio-Rad, Hercules, CA) was used to measure cytokine concentration in 25 μl aliquots of supernatant from each well using standard samples supplied by the manufacturer and assayed according to the manufacturers instructions

*In vitro* stimulation studies were performed by first incubating 1 × 10^5^ DC with 1 × 10^4^ tumor cells for 6 hrs in 200 μl media at 37°C in a 5% CO~2~ incubator. Tumor cells were either live, killed and disrupted by 3 rounds of freeze-thaw or killed by exposure to mitomycin (25 μg/ml). Then, 5 × 10^3^ DC were incubated with 5 × 10^4^ CD4 or CD8 T-cells in 250 μl media in individual wells of a 96 well round bottom tray for 24 hours. Cytokine concentration in supernatant was measured as above.

Treatment trials {#S10}
----------------

Female BALB/c mice were implanted intraperitoneally (IP) with 2 × 10^6^ D2F2/E2 cells in 500 μl PBS. All viral and antibody treatments were administered IP. Adoptive cell transfer was usually administered IP except for 2 animals that received IV treatment as noted in the text and figure. Animals were assessed three times per week for ascites, abdominal nodules and signs of poor health such as low activity, poor grooming, rough coat, hunched posture and dehydration and sacrificed if they developed ascites, nodules or any of these signs. The animals were considered cured if they survived for 100 days after tumor.

Statistics {#S11}
----------

The log rank statistic was used to compare survival among the treatment groups. The Mann-Whitney one-tailed test was used to compare cytokine secretion in the CD4 T-cells from various treatment groups. This non-parametric test was used because some values in the Milliplex analyses were too low to be accurately measured and were arbitrarily assigned a value lower than the lowest recorded value. PRISM software was used to analyze the data (GraphPad Software, Inc., La Jolla, CA).

Results {#S12}
=======

We had previously used re-challenge experiments to demonstrate that successful viral therapy produced anti-tumor immunity. A Balb/c mouse mammary cancer cell line, D2F2, had been stably transfected by others with a vector expressing the human Her2/neu receptor creating the cell line, D2F2/E2.^[@R19]^ D2F2/E2 cells were implanted in the peritoneum and mice were treated 3 days later with rrVSV targeted to Her2/neu and anti-CTLA4 antibody. Animals surviving for 100 days were considered cured and then re-challenged with intraperitoneal tumor. In a small series of animals, we showed that most animals were able to resist re-challenge with first the Her2/neu expressing D2F2/E2 cells and then the non-Her2/neu expressing parental cell line, D2F2.^[@R20]^ We now confirmed this finding in a larger series of animals and used transfer experiments to identify the effective memory cells.

Re-challenge cured animals {#S13}
--------------------------

Fifteen long term survivors of D2F2/E2 implantation (including 5 previously reported) who had been treated with rrVSV and aCTLA4 MAb were re-challenged with D2F2/E2 cells. These mice did not receive any therapy. Fourteen survived \>100 days indicating the presence of immunity to this tumor cell line. One died 34 days after challenge. It was important to determine whether survival was determined by immunity only to the foreign Her2/neu receptor protein which had been introduced into the D2F2/E2 cells or whether the immunity extended to the parent D2F2 cells. Twelve of these animals were then challenged with D2F2 cells. Nine never developed tumor thereby demonstrating that rrVSV therapy had resulted in immunity to the fully syngeneic D2F2 cells. Three animals died 31-40 days after challenge indicating partial immunity because the median time to death in naïve animals following tumor challenge has been 16 to 20 days.^[@R16]^ Five long term survivors were challenged directly with D2F2 cells and all survived indicating that immunity to D2F2 antigens developed after initial viral therapy and did not require a first re-challenge with D2F2/E2.

Transfer T-cells from cured animals {#S14}
-----------------------------------

A series of transfer experiments was performed to prove that viral immunotherapy was generating anti-tumor memory T-cells. In agreement with previous work, we found that transferred cells from cured donor animals were only effective when host animals were pre-treated with a single dose of cyclophosphamide (CPM) at 100-125 mg/kg.^[@R21]^ Pre-treatment with CPM is apparently required to make room for the transferred cells, to stimulate production of host cytokines such as IL-7 or IL-17 or to suppress inhibitory T-cell subsets.^[@R21]-[@R23]^

The first experiment used spleen cells from cured donor animals to prevent tumor development. Spleen cells, 4-6 × 10^7^ cells, were administered intravenously (IV, 2 animals) or intraperitoneally (IP, 2 animals) one day prior to intraperitoneal tumor challenge ([Fig. 1](#F1){ref-type="fig"}). None of the animals given donor spleen cells ever developed tumors whereas the animals given CPM alone promptly developed tumors and were sacrificed (median survival=24.5 days). Thus, as reported by others, spleen cells from cured donor animals were able prevent tumor establishment.^[@R24]^

Next, we attempted a more stringent model which asked whether transferred cells could eradicate established tumors in host animals. Animals were implanted with tumor cells IP and treated 3 days later with cells transferred from cured mice. Spleen cells (mean: 2.7 × 10^7^ cells) which contain about 1/3 T-cells eradicated these established macroscopic tumor in about 50% of cases ([Fig. 2](#F2){ref-type="fig"}). Antibody did not appear to play a significant role because adding serum from cured mice to the spleen cells did not improve survival. In addition, bone marrow cells, which include memory B-cells, administered at about the same number as spleen cells (mean: 2.4 × 10^7^ cells) were ineffective. Finally, lymph node cells which contain about 2/3 T-cells were also ineffective but the dose of transferred cells was 10-fold lower (mean: 2.4 × 10^6^ cells). In addition, it is possible that more anti-tumor memory T-cells resided in the spleen than the lymph nodes in resting cured donor mice.

In order to determine whether memory T-cells alone were responsible for cure or a combination of memory lymphocytes was required, we compared therapy using spleen T-cells with therapy using a combination of T and B-cells ([Fig. 3](#F3){ref-type="fig"}). We found no difference between the groups indicating that the anti-tumor effect was carried by the T-cells alone.

We then asked whether the memory anti-tumor effect was mediated by CD4 T-cells, CD8 T-cells or both. We found that transfer of memory CD4 T-cells produced cure in 37.5% of cases ([Fig. 4](#F4){ref-type="fig"}). Adding CD8 T-cells to the CD4 T-cells produced no significant additional benefit and CD8 T-cells alone were not more effective than CPM alone. The larger number of transferred CD4 than CD8 T-cells reflected the increased number of CD4 T-cells harvested from individual mouse spleen.

In further extensions of these transfer experiments, we found that T-cells from cured mice were able to eradicate not only 3 day old but also 5 day old established tumor in all five of a set of 5 host animals. More importantly we proved that anti-tumor memory T-cells recognized antigens distinct from Her2/neu. T-cells from cured mice were administered to host animals bearing 3 day established tumor of the parent cell line, D2F2. Tumors were eradicated in 50% of animals (n=8).

Long lasting immunity was transferred from donor to host animals as demonstrated by re-challenge experiments ([Table 1](#T1){ref-type="table"}). Sixteen host animals cured by transfer of T-cells from donor animals were re-challenged with D2F2/E2 cells. Fourteen survived and 2 died at 22 and 38 days after challenge. Twelve of these animals were then re-challenged with D2F2 cells. Eight survived and 4 died at 24, 29, 29 and 63 days after challenge. It is most likely that transferred CD4 T-cells survived in the hosts and were responsible for this permanent immunity but we did not pursue proof of this point

Characterize the anti-tumor memory T-cells {#S15}
------------------------------------------

We sought to determine whether viral immunotherapy generated predominantly a single functional CD4 T-cells response such as Th1, Th2 or Th17 or a multifunctional response. In addition, we wanted to clearly demonstrate that the memory CD4 T-cells responded to native antigens from the parent D2F2 cells and not just the foreign Her2/neu receptor protein which had been introduced into the D2F2/E2 cells. Cured animals, \>100 days after tumor implant and viral therapy, were therefore re-challenged with either D2F2/E2 cells or D2F2 cells. Three days later, CD4 and CD8 T-cells were harvested from spleen, mesenteric lymph nodes and peritoneal lavage and allowed to secrete cytokines overnight without further stimulation. Supernatants were harvested and assayed for a wide variety of cytokines and chemokines. A standard control group consisted of naïve animals that were challenged with D2F2/E2 cells and sacrificed 3 days later. However, we required a more stringent control group because the experimental groups received virus and anti-CTLA4 in addition to tumor and we wanted to be sure that we were assaying anti-tumor and not anti-viral T-cells. The crucial control group, therefore, consisted of animals that did [not]{.ul} receive tumor but were treated with virus and anti-CTLA4 antibody. Sixty to 100 days later, they were challenged with D2F2/E2 cells just like the experimental group and T-cells were harvested 3 days after challenge. The T-cells were placed in wells without any stimulation and cytokine concentration was measured after 24 hours of secretion. The primary question was whether the pattern of cytokine secretion in the experimental groups was different than the virus only control, indicating a specific memory [anti-tumor]{.ul} response. A consistent anti-tumor memory response was found in lymph node CD4 T-cells. Lymph node CD4 T-cells from the D2F2/E2 challenged experimental animals had significant elevations of the following cytokines compared to D2F2/E2 challenged virus controls (p≤0.02): IFNγ, IL-4, IL-5, IL-17, IL-2, IL-3, IL-10, GM-CSF, IP-10, MIG, MIP-1α, and RANTES ([Table 2](#T2){ref-type="table"}). These CD4 T-cells were multifunctional, secreting cytokines characteristic of Th1, Th2 and Th17 T-cells.^[@R25]^ In almost all cases the cytokine response was mildly higher when the animals were challenged with D2F2/E2 than the parent cell D2F2. However, in all cases the response in animals challenged with D2F2 was higher than in the control groups. The T-cell cytokine response in naïve animals challenged with D2F2/E2 was very low indicating that the high responses found in the experimental animals were generated by the viral therapy and that memory T-cells responded to native antigens found in D2F2 cells as well as the Her2/neu antigen expressed in D2F2/E2 cells.

Unlike CD4 T-cells, CD8 T-cells from lymph nodes did not show a clear pattern of cytokine secretion that was different in the experimental from the control group. CD4 and CD8 T-cells isolated from spleen and peritoneal cells following *in vivo* tumor challenge also did not show a pattern of cytokine secretion that was consistently different in the experimental from the control groups. Finally, cytokine concentrations in blood and peritoneal fluid following *in vivo* tumor challenge did not show distinct patterns in the experimental group.

Analysis by EliSpot supported the cytokine secretion data. IFNγ secreting CD4 T-cells were assayed from mesenteric lymph nodes following challenge with D2F2/E2 or D2F2. The most positive cells were seen in the experimental group challenged with D2F2/E2 but this group and the group challenged with D2F2 had more positive cells than the control groups challenged with D2F2/E2 ([Fig. 5](#F5){ref-type="fig"}).

These experiments which assayed T-cells after *in vivo* stimulation were more successful in demonstrating a memory T-cell response to tumor antigens than experiments utilizing *in vitro* stimulation. In a single experiment, we harvested T-cells from spleens of cured animals, challenged them with dendritic cells (DC) loaded with tumor antigens and assayed cytokine response using the Milliplex cytokine kit. Tumor antigens were obtained from freeze/thawed tumor cells, mitomycin treated tumor cells and live tumor cells. Results in the experimental animals were not clearly different than the control animal who received virus and anti-CTLA4 MAb but no tumor. The *in vitro* conditions were not able to adequately simulate antigen presentation as it occurs in the lymph nodes of live animals challenged with tumor.

Attempts to identify and quantify the [anti-tumor]{.ul} T-cells response at earlier times following therapy were clouded by a very strong [anti-viral]{.ul} T-cell response, as noted by others.^[@R26]^ In one set of 3 independent paired experiments, an experimental group implanted with D2F2/E2 and treated with virus and anti-CTLA4 was compared with a control group receiving virus and anti-CTLA4 but no tumor. All mice were challenged with D2F2/E2 30 days after treatment. Three days later mesenteric lymph nodes were harvested and EliSpot analyses performed on T-cells. The mean number of activated IFNγ secreting CD4 T-cells was 168 per 10^5^ lymph node cells in the experimental group (range 104-216) and 112 in the control group (range 61-169). This difference was not statistically different. In another set of 3 independent experiments, experimental groups implanted with D2F2/E2 and treated with virus and anti-CTLA4 were compared with control groups receiving tumor and treated with virus alone, groups receiving tumor alone or groups receiving virus plus anti-CTLA4 but no tumor. Spleens were harvested 4 days after viral therapy and intracellular flow cytometric analyses performed on T-cells. In all experiments, the experimental group had about 3% of CD4 T-cells expressing IFNγ ([Fig. 6](#F6){ref-type="fig"}) but values in the no tumor control group receiving virus and anti-CTLA4 varied from 1.6%-3.6% and the differences were not statistically significant.

Discussion {#S16}
==========

Cancer therapy has been attempted using viruses and using immunotherapy. Passive immunotherapy using antibodies or *ex vivo* activated amplified CD8 T-cells has had some success against specific cancers.^[@R4],\ [@R27]^ Active immunization using a variety of techniques has had limited impact.^[@R3],\ [@R28],\ [@R29]^ Virus therapy alone has also been unsuccessful. Recently, viral therapy with immunotherapy has shown some clinical benefit.^[@R26]^ Our goal is to combine virus and immune therapy by developing a safe, easy-to-use targeted virus that consistently evokes anti-tumor immunity that eradicates or prevents tumor metastases. Our previous work has shown that a targeted rrVSV expressing GM-CSF combined with anti-CTLA4 MAb can eliminate established small macroscopic tumor implants through an immunologic mechanism. This paper proves conclusively that targeted rrVSV generates long-lived therapeutic anti-tumor memory CD4 T-cells that recognize multiple tumor antigens. These CD4 T-cells are capable of orchestrating a curative anti-tumor response that eradicates small established tumor implants.

A major advantage of using an oncolytic virus to induce active immunotherapy is that multiple tumor antigens are released *in situ* in the context of an anti-viral inflammatory response producing the ultimate personalized therapy. Each individual in the genetically heterogeneous human population will generate immunity to the antigen or antigens that best fit their unique MHC profile. This therapy requires no knowledge of specific tumor antigens and is independent of the patient\'s MHC. The development of potent immune responses against multiple antigens was clearly shown in this model. As expected, the most potent immune response was generated against the foreign Her2/neu receptor protein as shown by cure rates in transfer experiments and analysis of cytokine secretion following *in vivo* tumor challenge. However, curative responses in transfer experiments and stimulation of tumor-specific CD4 T-cells as shown by cytokine secretion were also found with challenge by D2F2 cells which did not express Her2/neu. We recognize that it is important to confirm these findings in a fully syngeneic model and are currently performing studies in a transgenic mouse which expresses the human Her2/neu receptor under the murine mammary tumor virus promoter.^[@R30]^ We will also attempt to treat spontaneous tumors which develop in 76% of animals in this model system.

An unexpected finding in these studies was the anti-tumor potency of memory CD4 T-cells. Transfer of these cells alone was able to cure established tumors in host animals without apparent additional benefit by also transferring CD8 T-cells or B-cells. We were able to harvest and transfer more CD4 T-cells than CD8 T-cells from each donor animal and it is possible that transferring a larger number of CD8 T-cells would have shown greater effect. A contributing role for memory CD8 T-cells can therefore not be excluded. Importantly, host animals had endogenous CD8 T-cells and B-cells which may have contributed to the therapeutic response but the only memory cells required from the donor mice were CD4 T-cells. Most clinical programs of cancer immunotherapy attempt to generate or activate anti-tumor CD8 T-cells.^[@R31],\ [@R32]^ These T-cells can directly attack tumor cells by attaching to their surface class I antigens. In contrast, CD4 T-cells can not directly recognize tumor cells because tumor cells do not generally express class II antigens on their surface. Instead, CD4 T-cells detect tumor cells indirectly via the antigens that they shed and are picked up and presented by dendritic cells and macrophages. Previous work has shown that transferred CD4 T-cells can eliminate tumors in host mice but these studies have either used T-cells from transgenic mice that express a monoclonal CD4 T-cell population or activated the cells *ex vivo* or used additional therapy in conjunction with the transferred cells.^[@R33]-[@R40]^ A single patient has been treated successfully with autologous CD4 T-cells activated *ex vivo* but other patients treated with the same protocol did not have a successful outcome.^[@R25],\ [@R41]^ The anti-tumor memory T-cells generated by therapy with rrVSV came from animals with a normally diverse immune system, were not stimulated *ex vivo* and did not require any adjunctive therapy to cure established tumors at least 5 days old and to cure tumors composed of fully syngeneic tumor cells. The location and mechanism of activation of transferred CD4 T-cells has previously been questioned.^[@R33]^ This paper demonstrates that anti-tumor memory CD4 T-cells traveled to the mesenteric lymph nodes and were activated there, presumably by DCs and macrophages that migrated with tumor antigens from the peritoneal implants of tumor.^[@R24],\ [@R33],\ [@R42]^ We did not explore the mechanisms by which CD4 T-cells lead to tumor elimination but previous work in other model systems has shown dependence on macrophages, PMN and NK cells.^[@R24],\ [@R39]^ These findings support the development of adoptive transfer of memory CD4 T-cells for cancer therapy despite technical challenges such as expanding the number of cells without inhibiting their activity and dealing with the Class II heterogeneity in the human population.^[@R25]^

Another unexpected finding was the apparent multifunctional nature of the anti-tumor memory CD4 T-cell response. The usual emphasis for tumor immunotherapy is to try to stimulate a Th1 response and thereby activate a cellular response which can directly kill tumor cells.^[@R43]^ Recently there is interest in activating a Th17 response which is thought to be involved with autoimmunity and can be directed against the autologous tumor cells.^[@R34],\ [@R44],\ [@R45]^ Th2 responses are generally thought to counteract antitumor immunity^[@R28]^ though this has not been true in every model system.^[@R36]^ This study found that anti-tumor memory CD4 T-cells stimulated by tumor antigens in the mesenteric lymph nodes secreted a heterogeneous group of cytokines characteristic of Th1, Th2 and Th17 cells. The key to generating a sustained immune response that eradicates all cancer cells may be a balance among the CD4 T-cell subsets.^[@R46]^ We recognize that further work is required to prove that each subset is not only present but necessary to achieve tumor cure and to characterize the balance required among the subsets, quantitatively, temporally and topographically.

Immunotherapy would benefit greatly from markers of anti-tumor immune response. In the clinic, survival as a measure of response can take years to quantify. Valid markers could identify ineffective therapies early and indicate the need for new tactics. In addition, markers that correlated with efficacy could help elucidate the mechanisms of successful immunotherapy. This study points out the difficulties in finding useful markers. As noted by others, viral therapy yields a strong anti-viral immune response which overshadows the anti-tumor response.^[@R26]^ Equally problematic, the anti-tumor response may only be characterizable in tissues and under conditions that do not translate to the clinic. In our model, anti-tumor memory CD4T-cells were clearly present in the mesenteric lymph nodes following *in vivo* stimulation, as expected.^[@R46]^ However, they were not found in spleen and peritoneal fluid following *in vivo* stimulation and not found in spleen following *in vitro* stimulation. Cytokine response in blood and peritoneal fluid following *in vivo* stimulation also did not yield useful markers. A hopeful finding was that the Milliplex cytokine kit was more sensitive than EliSpot or intracellular flow cytometry at detecting anti-tumor T-cells and we are presently undertaking analysis of temporal patterns in CD4 T-cells following acute therapy to identify valid markers of effector anti-tumor CD4 T-cell response. Interestingly, the cytokine with the greatest amplification in experimental animals compared to viral controls was MIP-1α (CCL3). This may be explained by a recent report showing that MIP-1α is secreted by activated CD4 T-cells which are in contact with DC.^[@R47]^ Assay of this chemokine at the appropriate time and location after viral therapy may provide a marker to the development of anti-tumor immunity.

The goal for rrVSV therapy is to eradicate active, growing Her2/neu positive tumor metastases and to prevent growth of occult, dormant metastatic collections. Local disease is not a clinical problem because it can be surgically extirpated. The current study supports the development of rrVSV as an *in vivo* vaccine to prevent growth of tumor metastases. The plan would be to administer rrVSV to the primary tumor in order to stimulate a powerful anti-tumor memory T-cell response. Major obstacles hindering other cancer vaccines would be obviated because no knowledge of specific tumor antigens is required and immunity would develop in patients with any set of MHC markers.^[@R28]^ The circulating memory CD4 T-cells would orchestrate a curative anti-tumor response whenever occult metastases started growing and released tumor antigens to regional lymph nodes. Nascent metastases would be eliminated before they developed immunosuppressive properties. A good test case for these concepts would be advanced ovarian cancer. rrVSV would be administered to Her2/neu positive cancers at the time of initial tumor therapy in order to kill cancer cells that had implanted in the peritoneum and more importantly, to generate anti-tumor memory CD4 T-cells which would then prevent future outgrowth of intraperitoneal and distant metastases.
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![Survival curves of D2F2/E2 implants treated with adoptive transfer of spleen cells from cured animals. Spleen cells, 4-6 × 10^7^ cells, were administered intravenously (IV, 2 animals) or intraperitoneally (IP, 2 animals) one day prior to intraperitoneal tumor challenge. All treated animals survived. Controls received CPM alone and all died with a median survival of 24.5 days (log rank statistic p=0.018).](nihms342403f1){#F1}

![Survival curves of D2F2/E2 implants treated with adoptive transfer of various cells from cured mice. Animals were implanted with tumor cells IP and treated 3 days later IP with transferred spleen cells ((mean: 2.7 × 10^7^ cells), bone marrow cells (mean: 2.4 × 10^7^ cells) lymph node cells (mean: 2.4 × 10^6^ cells) or CPM only (n=5 for each group). 100 ul of serum from cured mice was added to one group that received spleen cells (n=4). (Compared to CPM control, survival was significantly improved in the group treated with spleen cells, log rank statistic p=0.013 and the group treated with spleen cells and serum, log rank statistic p=0.0047).](nihms342403f2){#F2}

![Survival curves of D2F2/E2 implants treated with adoptive transfer of T and B cells from cured mice. Animals were implanted with tumor cells IP and treated 3 days later IP with transferred T-cells (mean: 2.8 × 10^7^ cells) with and without B cells (mean: 5.6 × 10^7^ cells). (n=8 pairs). There was no statistical difference in outcome between the two groups (log rank statistic p=0.57).](nihms342403f3){#F3}

![Survival curves of D2F2/E2 implants treated with adoptive transfer of CD4 and CD8 T-cells from cured mice. Animals were implanted with tumor cells IP and treated 3 days later IP with transferred CD4 T-cells ((mean: 2.0 × 10^7^ cells), CD8 T-cells (mean: 3.9 × 10^6^ cells) or both. (n=8 sets). Control animals received CPM only (n=5). Treatment with CD4 T-cells (log rank statistic p=0.012) and CD4 plus CD8 T-cells (log rank statistic p=0.0005) were statistically superior to control but not different from each other (log rank statistic p=0.58). Treatment with CD8 T-cells was not statistically different from control (log rank statistic p=0.18).](nihms342403f4){#F4}

![Number of IFNγ secreting CD4 T-cells harvested from lymph nodes in animals receiving various treatments. Means of 3 experiments with standard error bars.\
A. Implanted with D2F2/E2. Treated with rrVSV and anti-CTLA4 MAb. Challenged \>100 days later with D2F2/E2 (erbb2 expressing).\
B. Implanted with D2F2/E2. Treated with rrVSV and anti-CTLA4 MAb. Challenged \>100 days later with D2F2 (non-erbb2 expressing).\
C. No tumor implanted. Treated with rrVSV and anti-CTLA4 MAb. Challenged \>60-100 days later with D2F2/E2 (erbb2 expressing).\
D. No tumor. No treatment. Challenged with D2F2/E2 (erbb2 expressing).](nihms342403f5){#F5}

![Mononuclear cells were collected from spleens and incubated overnight to let macrophages adhere tightly to the flask. Following incubation with brefeldin A for 4 hrs, T-cells were isolated by positive selection using the autoMACS™ separator and CD90 (Thy1.2) microbeads (Miltenyi Biotec, Auburn, CA). T-cells were stained with phycoerythrin (PE)-conjugated antibodies (FL2) to CD4. The cells were then fixed and permeabilized and stained with APC-conjugated antibody to mouse IFNγ (FL4). Immunofluorescence was quantified using a FACStarPlus (Becton Dickinson, Mountainview, CA). One experiment of 3.\
A. Animal implanted with tumor and treated with rrVSV and anti-CTLA4\
B. Animal implanted with tumor and treated with rrVSV\
C. Animal was not implanted with tumor but was treated with rrVSV and anti-CTLA4\
D. Animal was implanted with tumor but received no treatment.](nihms342403f6){#F6}

###### Re-challenge with either erbb2 expressing D2F2/E2 or parent tumor D2F2 in animals cured by T-cell transfer

                                                        Cells     Total   Survival
  ----------------------------------------------------- --------- ------- ----------
  First re-challenge                                    D2F2/E2   16      14 (88%)
  Second re-challenge[\*](#TFN1){ref-type="table-fn"}   D2F2      12      8 (67%)

All of these animals survived a first re-challenge with D2F2/E2

###### 

Cytokine production by CD4 T-cells harvested from lymph nodes in animals receiving various treatment.

A. Implanted with D2F2/E2. Treated with rrVSV and anti-CTLA4 MAb. Challenged \>100 days later with D2F2/E2 (erbb2 expressing).

B. Implanted with D2F2/E2. Treated with rrVSV and anti-CTLA4 MAb. Challenged \>100 days later with D2F2 (non-erbb2 expressing).

C. No tumor implanted. Treated with rrVSV and anti-CTLA4 MAb. Challenged \>60-100 days later with D2F2/E2 (erbb2 expressing).

D. No tumor. No treatment. Challenged with D2F2/E2 (erbb2 expressing). Values are concentration of cytokine in supernatant, pg/ml. Means of 4 experiments.

                 A         B      C         D
  -------------- --------- ------ --------- ---------
  IFNγ           500       302    68        2
                                            
  IL-4           165       73     18        7
                                            
  IL-5           557       385    173       1
                                            
  IL-17          8         9      0         0
                                            
  IL-2           236       203    69        5
                                            
  IL-10          122       55     17        2
                                            
  GM-CSF         633       354    100       2
                                            
  IL-3           475       347    95        5
                                            
  MIP-1α         154       99     12        6
                                            
  Cured tumor    yes       yes    no        no
  Virus          yes       yes    yes       no
  anti-CTLA4     yes       yes    yes       no
  Re-challenge   D2F2/E2   D2F2   D2F2/E2   D2F2/E2
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